An ideal suture material supports healing, minimizes inflammation, and decreases the likelihood of secondary infection. While there are published recommendations for suture materials in some invertebrates, there are no published recommendations for Limulus polyphemus or any chelicerate. This study evaluates the histological reaction of horseshoe crabs to five commonly used suture materials: monofilament nylon, silk, poliglecaprone, polydioxanone, and polyglycolic acid. None of the materials were superior with regards to holding nor was there any dehiscence. Nylon evoked the least amount of tissue reaction. This work also provides a histopathological description of the soft membrane at the hinge area between the opisthosoma and telson (telson ligament) and comments on euthanasia with intracardiac eugenol.
INTRODUCTION
Over the last few decades, there has been increasing awareness of invertebrate species in veterinary medicine. Species-specific medical practices allow clinicians to provide the optimal quality of care for each patient. There are limited published research or review articles regarding best practices for caring for the American Horseshoe crab, Limulus polyphemus, despite this marine invertebrate's common use as a laboratory animal and in public aquaria (Smith, Berkson & Barratt, 2002; Leibovitz & Lewbart, 2004; Smith & Berkson, 2005; Gore et al., 2006; Smith, 2012; Tuxbury et al., 2014) .
Horseshoe crabs are used as research models due to the ability to extrapolate their anatomy and physiology to other species, their ease of adaptability as laboratory animals, and their unique blood circulatory features. Limulus's large, compound eyes have been successful models in the understanding of mammalian vision (Lui & Passaglia, 2009 ). The 2009). Infectious etiologies causing health problems include algae, fungi, colonial and filamentous cyanobacteria, Gram-negative bacteria, and parasites. Commonly seen green algal infections can affect the carapace and accessory structures including the dorsal arthrodial membrane (over the heart) and telson ligament (the membrane at the base of the telson connecting the opisthosoma to the telson) (Smith & Berkson, 2005; Braverman, Leibovitz & Lewbart, 2012) . A significant non-infectious disease of captive horseshoe crabs is panhypoproteinemia, but traumatic injuries, water quality problems, and molting problems are also seen. Traumatic injuries sustained during collection, transport, or overcrowding in captivity can cause puncture wounds, crushing of the exoskeleton, and fractures of the carapace (Smith & Berkson, 2005) .
Wound repair and immune defense in the horseshoe crab have been well documented as the migration of granular hemocytes (amebocytes) from the hemolymph to the area of trauma or infection and subsequent clot formation (Bursey, 1977; Clare et al., 1990; Iwanaga, 2002; Iwanaga & Lee, 2005) . Horseshoe crabs have innate immune systems where hemocytes respond to pathogens by the exocytosis of large and small granules that contain antimicrobial and coagulation proteins, forming a clot or ''coagulum'' (Iwanaga, 2002) . Hemocytes are large, round to irregularly shaped cells (7 to 11 µm in diameter) with abundant cytoplasm that contains coarse, bright red secretory granules and a darkly basophilic nucleus (Tuxbury et al., 2014) . Once activated, hemocytes can become elongated with the cytoplasmic granules no longer apparent and the nucleus can have a distinct halo (Bursey, 1977) . The hemolymph of horseshoe crabs and granules in hemocytes both contain a variety of highly efficient defense molecules (Iwanaga, 2002; Iwanaga & Lee, 2005) . The defense systems include hemolymph coagulation and coagulum formation, melanization, complement activation, cell agglutination, antimicrobial action, reactive oxygen species formation, and phagocytic action (Iwanaga, 2002) .
Horseshoe crab's sophisticated defense system has helped ensure species survival for over 200 million years (Iwanaga, 2002) . Although the life span of an individual horseshoe crab is estimated at 18-22 years (Smith & Berkson, 2005) , longevity for captive horseshoe crabs in public aquaria may be only 2-3 years (Tuxbury et al., 2014) . Few facilities may track animals as individuals or monitor mortality rates (Tuxbury et al., 2014) . As standards of care for aquatic invertebrate medicine continue to advance, appropriate diagnostic testing and treatments may increase longevity among captive horseshoe crabs. Although harvest for the marine life aquarium trade, scientific collection, and educational use is smaller than the bait fishery and biomedical industries (Smith et al., 2017) , veterinary management of captive horseshoe crabs may mitigate the need to replace research or public display animals and could increase the return rate and fitness of the biotechnology population to the wild.
When surgery is indicated, an ideal suture material supports healing by preventing suture dehiscence, minimizing inflammation, and decreasing the likelihood of secondary infection (Fossum, 2007) . There are published recommendations for suture materials in other invertebrates (Anderson et al., 2010; Salgado et al., 2014) , but there are no published recommendations for L. polyphemus or any other chelicerate. While surgical epoxy may sufficiently close a wound in the well-mineralized carapace, sutures may be more appropriate for closure of a wound caused by traumatic injury, biopsy for diagnosis of infectious disease, or surgery affecting less mineralized chitinous or nonchitinous tissues (Nolan & Smith, 2009) . Making a surgical window to assess the internal structures may be achieved from less mineralized chitinous areas (Nolan & Smith, 2009) . Knowledge of the most appropriate suture materials for horseshoe crabs may also be extrapolated for veterinary use in other chelicerate arthropods. This study evaluates the histological reaction of L. polyphemus to five suture materials commonly used in veterinary medicine: monofilament nylon, silk, poliglecaprone, polydioxanone, and polyglycolic acid. This paper also comments on a euthanasia method for horseshoe crabs. Although histological descriptions of many clinically relevant organs have been described (Packard, 1880a; Packard, 1880b; Fahrenbach & Merostomata, 1999; Nolan & Smith, 2009) , this work provides a further detailed microscopic description of the telson ligament. ; conductivity, 46.81; salinity, 32.9-33 ppt; dissolved oxygen, 11.19; pH, 8.02 ; unionized ammonia, 0 mg/L; nitrite, 0.002 mg/L; nitrate, 4.1 mg/L. Capelin (Mallotus villosus) was fed once weekly. After being acclimated in a 1,500 L fiberglass tank for 45 days, 17 female L. polyphemus (weight, 540-800 g; maximum carapace width, 16.5-19 cm) were arbitrarily selected from the group to be used in the study: 14 experimental subjects and 3 control subjects. Sex determination was based on pedipalp morphology. During selection, the criteria for exclusion included showing evidence of injury (i.e., cracked carapace or missing legs) or any observable external epibionts. Prior to suture placement, an identification indicator was placed (either by application of one or two colored rubber bands secured to the middle of the telson or a number assignment marked centrally on the carapace with a Sharpie R marker). There was no IACUC review for this study as NCSU IACUC has never required review of the use of invertebrates in research or teaching and it is not required by the Animal Welfare Act, Public Health Service Policy, or NCSU policies. However, measures were taken to try to reduce pain and stress while optimizing data collection.
MATERIALS AND METHODS

Suture placement
Horseshoe crabs were held in dorsal recumbency and the surgery site (ventral telson ligament) was flushed with sterile saline. The soft cuticle was chosen over the hard cuticle (chitinous exoskeleton) as it would likely have greater knot security and suture placement would more likely be indicated in less or non-chitinous tissues. The ventral telson ligament was chosen specifically based on ease of access to this area. Two simple interrupted sutures were placed, one to the left and one to the right of midline, using one of five suture types in the ventral aspect of the telson ligament ( Fig. 1 ). Sutures were placed to avoid the carapacial margins, which simplified biopsy procedures later. Suture position was rotated among animals so that each suture material was used twice at both sites, n = 4 for each suture type. Tested suture materials included monofilament nylon (Polyamide, Grams, Millersville, MD), braided silk (Sofsilk, Ethicon, Summerville, NJ), monofilament poly glycolide-e-caprolactone (Monofyl, Oasis Medical, Mettawa, IL), 3-0 polydioxanone (PDS II, Ethicon, Summerville, NJ), and polyglycolic acid (Webcryl, Webster, Sterling, MA). The three control animals had no sutures placed. The same surgeon (AEK) performed all suture placement procedures. Immediately after suture placement, the horseshoe crabs were transferred to one of two 300 L fiberglass holding tanks and monitored daily for behavior, suture loss, and gross evidence of inflammation or dehiscence at the suture sight.
Anesthesia/euthanasia protocol
Prior to biopsy collection, local anesthesia with clove oil (2-Methoxy-4-(2-propenyl)phenol, 4-Allyl-2-methoxyphenol, 4-Allylguaiaco, Eugenol, Sigma-Aldrich, St. Louis, MO) was to be administered to all subjects topically with a soaked cotton-tipped applicator to saturate the site (AH Roxanna Smolowitz, pers. comm., 2009). Topical clove oil was applied prior to biopsy for the three control subjects who received no further anesthesia. However, the first biopsy from an experimental subject was associated with uncontrollable hemolymph loss. Thus, systemic injection of clove oil was administered to this subject and prior to biopsy collection in the subsequent thirteen subjects in the experimental group. Two ml of clove oil were injected through the arthrodial membrane of each subject in the experimental group into the cardiac sinus. Higher doses (up to four ml) were administered when needed for immobilization and unresponsiveness of the animal. Time to unresponsiveness to stimuli and suppression of spontaneous movement was noted. Once subjects were unresponsive, biopsy samples were collected. Immediately post-biopsy, experimental group individuals were placed in holding tanks with sea water to facilitate potential spontaneous recovery. Heart rate was monitored via Doppler (Parks Medical Electronics, Aloha, OR) before, immediately after, and a few hours after injection of clove oil in two of the experimental subjects. Doppler readings were taken through the carapace.
Tissue sample collection
At 6 days following suture placement, half of the experimental group was removed from their holding tanks for biopsy of the suture sites. Biopsies were taken after euthanasia of all animals in the experimental group except for the first experimental subject undergoing sample collection where biopsies were taken before euthanasia. In the three control subjects, a single biopsy was collected from each subject with local anesthesia only. These biopsies were taken from the same sites as suture placement in the experimental group. Excisional biopsies were performed using Metzenbaum scissors; a 3-5 mm diameter tissue sample was obtained by one of two surgeons (AEK or AH) for the control and experimental groups. Control subjects were returned to their holding tanks and the biopsy sites were left to heal by second intention (normal long-term integument healing). After sample collection, biopsies were immediately placed in individual cassettes in 10% neutral buffered formalin. This biopsy procedure was repeated in the remaining half of the experimental group on day 12. Previous suture studies have used similar time frames for gross and histological evaluation, i.e., 6 and 12 days for Aplysia (Anderson et al., 2010 ) and 7 and 14 days for Xenopus, Caretta, and Cyprinus (Hurty et al., 2002; Govett et al., 2004; Tuttle et al., 2006) . The biopsies were processed routinely by the NCSU CVM Histology Laboratory, embedded in paraffin, sectioned at five µm, and stained with hematoxylin and eosin (HE) for evaluation by light microscopy. Multiple sections of each biopsy were evaluated by a single board certified (ACVP) pathologist (JML). There is only one known published description of the normal histology of the telson ligament (Fahrenbach & Merostomata, 1999) and this text is currently out of print. Thus, the pathologist was unblinded to the controls to further characterize the normal histology of the microscopic tissue structure in this area. The pathologist created a five point scale based on our previously used grading scheme for suture reaction studies to describe the microscopic changes in the experimental group (Hurty et al., 2002; Govett et al., 2004; Tuttle et al., 2006; Anderson et al., 2010) . Each of the biopsy samples were graded for the amount of inflammation and coagulum formation based on the degree of hemocyte infiltration (Table 1) . Once the control subjects were healed, they were returned to the wild.
Statistical analysis
Summary statistics and frequency counts were calculated for all variables and groupings. Because of the ordinal nature of the histological data, a Kruskal-Wallis nonparametric analysis was performed to compare histological grades (0-4) across suture types for time (day 6 and day 12) separately. P-values less than 0.05 were considered to be statistically significant. All analyses were performed in SAS, Version 9.4 (Cary, NC).
RESULTS
Anesthesia/euthanasia
Biopsies were collected with local anesthesia for the three control subjects. These subjects had minimal hemolymph loss during biopsy collection. Prior to systemic clove oil injection in the experimental group subjects, heart rate was measured in two of these subjects. Heart rates were 8 bpm and 30 bpm. The 30 bpm subject was very active and the 8 bpm subject was quiet. Immediately after the subjects received two ml of clove oil, no further heartbeats were detected which was confirmed several hours later. Gill movement and slight reflex action in the claws were noted after cessation of cardiac activity was confirmed by Doppler. Time from systemic injection of clove oil to lack of response to stimuli, cessation of righting reflex, and suppression of spontaneous movement of the claws and gill movement generally ranged from 2-5 min for all subjects in the experimental group. Three subjects had prolonged gill and limb movements and required higher doses of intravascular clove oil; up to 4 mL were administered. None of the experimental subjects spontaneously recovered after systemic clove oil administration.
Normal histological description of the telson ligament
The non-chitinous telson ligament has variable thickness and is composed of three distinct layers (Fig. 2) . The epicuticle-or outermost layer-is thin (approx. 20-40 µm wide in paraffin sections), brightly eosinophilic, and acellular; it appears to have regularly spaced indentations. The endocuticle-or middle layer-is pale, lightly eosinophilic, acellular, and much thicker than the epicuticle; it has a linear/layered appearance in paraffin sections. The epidermis-or deepest layer-is predominantly basophilic and consists of tall columnar epithelial cells with clear apical vacuoles, moderately foamy cytoplasm, and basally located nuclei with dense chromatin and no apparent nucleolus (Fig. 3) . Beneath the epidermis lies 
Suture study
All suture knots were intact at the time of biopsy. There was no macroscopic evidence of edema or inflammation after suture placement at the suture sites at 6 or 12 days for any suture type. For each suture material, severity scores varied moderately. Reaction scores did not differ significantly between 6 and 12 days or between suture types, but all suture types elicited tissue reactions when compared to the controls (Table 2) . Monofilament nylon (Fig. 3) had the lowest mean (1.3) and range (0-2) for histology scores while polyglycolic acid (Fig. 4) had the highest mean (2.3) and range (0-4) for histology scores. No changes were appreciated in the epicuticle or endocuticle, but variable amounts of tissue reaction were seen within the epidermis and hemolymph sinuses. If there were no identifiable microscopic changes, the sample was given a Grade 0 (Fig. 3) . Histologic samples representing minimal tissue reaction had one to a few scattered, small aggregates of hemocytes infiltrating the epidermis (Grade 1). Mild reactions (Grade 2, Fig. 4 ) showed more numerous hemocytes than Grade 1, but these aggregates were loosely arranged and spread out. Figure 4 shows polyglycolic acid at 12 days post-suturing; an area of paucicellular hemolymph coagulum is flanked by loose aggregates of granular and agranular (spent) hemocytes in layers. In the healing wound, flattened agranular hemocytes begin to line up in parallel layers (Bursey, 1977) , reminiscent of granulation tissue seen in mammalian wound healing. Moderate tissue reactions (Grade 3) showed more intense aggregates of infiltrating hemocytes and severe tissue reactions (Grade 4) showed even more intense, diffuse aggregates of granular and agranular hemocytes with obvious coagulum formation and a very compact cellularity (Fig. 5) . In these cases, numerous hemocytes have lost their granules, often creating ''halo cells '' (Bursey, 1977) with a perinuclear cytoplasmic clear zone. 
DISCUSSION
Unlike in other invertebrate suture studies (e.g., Aplysia, Lumbricus), none of the suture types dehisced prior to sample collection (Anderson et al., 2010; Salgado et al., 2014) . Lumbricus were evaluated at 3 and 6 days post suture application and Aplysia were evaluated at 6 and 12 days post suture application. In Limulus, while there were variable amounts of tissue reaction in the epidermis, there were no appreciable changes to the epicuticle or endocuticle after suture placement in this study. The stability of the dorsal two layers (particularly the endocuticle) could provide knot security and may account for the lack of observable gross changes identified after suture placement. The lack of cellularity and hemolymph sinuses in the dorsal two layers may also account for the lack of observable gross changes identified after suture placement. Minimal gross changes were also seen after suture placement in Aplysia (Anderson et al., 2010) . While inflammation and epidermal changes including necrosis were noted grossly in Lumbricus, the tissues lacked the edema that characterizes wound healing in vertebrates (Salgado et al., 2014) . Although the histologic response to injury and foreign body insertion has previously been described in horseshoe crabs (Loeb, 1902; Bursey, 1977; Clare et al., 1990) , no macroscopic changes to the soft cuticle or hard cuticle were reported. Localized redness as seen in species containing hemoglobin and myoglobin would not be expected. The apparent lack of a grossly visible inflammatory response to injury or foreign materials in the soft cuticle of horseshoe crabs may complicate visual monitoring of healing in this area for clinicians. There are, however, reports of gross changes noted in the hard and soft cuticle secondary to infectious diseases, including tan lesions from Fusarium solani infections (Tuxbury et al., 2014) and loss of tissue structure (deformed shells, erosion of the arthrodial membrane, etc.) from green algal, Chlorophycophytal, infections (Braverman, Leibovitz & Lewbart, 2012) . Due to the variability in the reaction scores for the epidermis, none of the five suture materials tested were statistically superior for use in L. polyphemus. Monofilament nylon elicited the least amount of tissue reaction overall and, thus, may be an acceptable choice as a suture material for horseshoe crabs. Monofilament nylon was recommended as the preferred suture material in the African clawed frog (Tuttle et al., 2006) . In other invertebrate species, silk and polyglactin 910 were recommended (Anderson et al., 2010; Salgado et al., 2014) . Further studies are recommended to determine if similar variability is repeatable in the telson ligament as well as to determine the recommended suture material in other low or non-chitinous containing tissues. One technical challenge that occurred in our present study is that, despite adequate fixation in 10% neutral buffered formalin and paraffin embedding, some sections had separation of the epi-and endocuticle layers from the epidermis and/or fragmentation of the sub-cuticular tissues, creating artifactual clear spaces (as in Fig. 5 ). Nonetheless, we were still able to assess and score the suture reactions in the biopsies. In future studies, alternate fixatives and/or embedding in plastic resin such as glycol methacrylate may provide better tissue stability for sectioning and scoring.
Wound healing of the horseshoe crab skeleton differs from that of crustaceans and other invertebrates (Bursey, 1977) . There appear to be four phases described by Bursey (1977) : (1) lag period, (2) amebocyte (hemocyte) infiltration, (3) hyalinization, and (4) cuticle regeneration. It is likely that a similar process, without the chitinous cuticle formation, occurs in the arthrodial membrane and telson ligament. Hemocyte infiltration and coagulum formation were the most prominent features of wound repair observed in this study. Telson regeneration has also been described (Clare et al., 1990) .
Local anesthesia was insufficient for biopsy collection in the experimental subjects due to hemolymph loss. This finding had also been noted in an unpublished pilot study on horseshoe crabs for biopsy collection post suture placement in the telson ligament performed by AH prior to this study. Local anesthesia was sufficient, however, for biopsy collection of the control subjects where no suture had been placed. The increased hemolymph loss in experimental subjects as compared to control subjects may be related to previous migration of hemocytes and a higher hemocyte density in response to suture placement. The infiltration of hemocytes for an extended period of time in response to injury has also been noted in a previous study on horseshoe crabs (Bursey, 1977) . This may have implications in appropriate anesthetic procedures and hemostasis during surgery or biopsy collection of horseshoe crabs with diseased or injured tissues.
On average, the Limulus heart rate is 32 bpm (Kumar et al., 2015) with a minimum of 12 bpm and maximum of 51 bpm (Redmond, Jorgensen & Bourne, 1982) . Prior to systemic clove oil injection, heart rates were measured at 8 bpm and 30 bpm. The 30 bpm subject was very active and the 8 bpm subject was quiet. Previous studies have shown the effects of water temperature, acute hypoxia, and air exposure on heart rates of Limulus (Redmond, Jorgensen & Bourne, 1982) . The temperature coefficient was within the normal range but bradycardia was seen with acute hypoxia and with air exposure, with a mean reduction of 37.6% in heart rate and a decreased blood pressure noted with air exposure. While baseline heart rates and blood pressures were not measured in this study, the lower than normal heart rate measurements in the two subjects monitored are consistent with the individual subject's activity level and with exposure to air. Horseshoe crabs' adaptability to prolonged air exposure likely spans from their annual migration to spawning sites during the mating season. There are no known studies of the effects of air exposure during anesthesia or sedation or with handling stress on the heart rate or blood pressure of horseshoe crabs. Further studies are recommended to determine these effects which can have implications in anesthetic monitoring and safety and other aspects of veterinary care.
Per American Veterinary Medical Association (AVMA) euthanasia guidelines (Leary et al., 2013) , clinicians or researchers must choose a method of euthanasia that is rapid, easy to administer, painless, effective, safe, and readily available. Recommendations for euthanasia methods specific to aquatic invertebrates include both physical and chemical methods. Physical methods (i.e., whole body crushing) require pre-anesthesia and many of the chemical methods (i.e., KCl, xylazine, or ketamine injection into the hemolymph sinus) are either controversial or expensive (Leary et al., 2013) . Published recommendations for euthanasia specific to horseshoe crabs include pentobarbital injection (390 mg, 1-2 ml/animal) into the cardiac sinus or destruction of the dorsal ganglion located on the dorsal midline between the eyes (Smith, 2012) . Success of the dorsal ganglion method is very dependent on proper user technique and time to death after crushing is unknown. Respiratory, cardiac, and cerebral arrest occurs within 30 s after pentobarbital injection (Smith, 2012) , but the controlled drug is not always readily available.
Clove oil (Eugenol), a liquid extracted from the leaves of clove trees, has been used as a topical anesthetic by humans for centuries and, more recently, used for invertebrate, amphibian and fish general anesthesia (Gardner, 1997; Treves-Brown, 2000; Goulet, Hélie & Vachon, 2010; Yingdong et al., 2018) . Clove oil immersion baths are effective for fish euthanasia (Noga, 2010) and euthanasia of the American giant crab, Pseudocarcinus gigas, but the latter may require over 25 min (Gardner, 1997) . Dose-and body weightdependent histological changes were noted in the African clawed frog, Xenopus laevis, including renal tubular damage and hepatic necrosis, following clove oil immersion for anesthesia (Goulet, Vachon & Hélie, 2011) and cutaneous necrosis was noted in Xenopus after topical application with a Eugenol-soaked gauze (Ross et al., 2006) . High concentrations of clove oil are also irritating to human skin (Noga, 2010) . As a known hepatotoxin, clove oil may be a safety concern for the handler when used as an immersion versus an injection. There were no identified local histopathology effects of topically administered clove oil noted in the telson ligament in this study, but the degree of systemic absorption and other tissue sites were not evaluated. While there are no known studies of the effects of clove oil on aquatic invertebrate hematology, biochemistry, or histopathology, these effects were studied in the common carp, Cyprinus carpio (Velisek et al., 2005) . There were no effects on hematologic parameters, but reversible biochemical changes (transient hyperglycemia and increased inorganic phosphates) and histopathology changes (capillary ectasia of the gill filaments) were noted shortly after clove oil immersion although these changes resolved after 24 h. Further research is recommended to evaluate the effects of topical clove oil application, systemic administration of clove oil into the cardiac sinus, and immersion in clove oil baths for sedation, anesthesia and euthanasia on horseshoe crab hemocytes, blood chemistries, biological parameters (i.e., heart rate and blood pressure), and chitin and non-chitin containing tissues. It is also recommended to further evaluate the effectiveness of clove oil for local and systemic anesthesia. The findings in this study suggest that intracardiac injections of clove oil (2-4 ml/kg) can be a humane, economical, accessible, and safe alternative to pentobarbital for euthanasia of horseshoe crabs.
CONCLUSIONS
None of the five suture materials (monofilament nylon, silk, poliglecaprone, polydioxanone, and polyglycolic acid) were superior with regards to holding in the telson ligament and no dehiscence was observed. Nylon caused the least amount of tissue reaction and would be our recommended first choice for use in a chelicerate in need of soft tissue wound repair. Intracardiac Eugenol at a dose of 2-4 mL/kg was determined to be a relatively fast and effective means of horseshoe crab euthanasia.
